ABSTRACT
STAT3 is a pleiotropic factor activated by many different signals including cytokines, growth factors and oncogenes. It is involved in a striking number of functions and can activate distinct repertoires of genes in different contexts. Like other STAT factors, STAT3 exists in two isoforms generated by alternative splicing, the full length STAT3alpha and the truncated STAT3beta, generally thought to act as a dominant negative factor. However, STAT3beta is not transcriptionally inactive and is able to both activate and repress genes depending on cellular environment. These unique properties of the STAT3beta isoform may contribute to the extraordinary functional complexity of STAT3 physiological and pathological actions, revealed by conditional mutagenesis studies and not yet fully understood. With this in mind, we try here to summarize what is known about the structure and function of the alpha and beta STAT3 isoforms, both in vitro and in vivo. In addition, we report unpublished data describing the phenotype of mice where the STAT3alpha isoform was specifically ablated.
STAT3 IS A MULTIFUNCTIONAL TRANSCRIPTION FACTOR
STAT3 was initially identified as Acute Phase Response Factor (APRF), responsible for activating acute phase gene's promoters in response to IL-6 (1). APRF/STAT3 was then identified as the main STAT factor activated by all members of the IL-6 family of cytokines (2) (3) (4) . One of STAT3 peculiar features is its capacity to activate different sets of genes in different cell types in response to a striking variety of cytokines, growth factors, hormones and oncogenes (e.g. IL-6 family members, leptin, IL-12, Interferons, IL-10, G-CSF, prolactin, growth hormone, EGF, HGF, bFGF, v-Src, v-Fps, v-Sis). Accordingly, STAT3 is the only family member whose inactivation is early embryonic lethal (5) and STAT3 tissue-specific inactivation has revealed complex and even contrasting roles linked to inflammation, regeneration, growth-factor induced proliferation and energy homeostasis (6) . Although STAT3 is generally considered an oncogene, being constitutively phosphorylated in a wide variety of tumors and tumor cell lines where its inactivation triggers growth arrest and cell death (7) , its role in regulating proliferation is not unambiguous. STAT3 acts indeed as a pro-survival factor through the induction of anti-apoptotic and cell cycle progression genes in most tumoral cells as well as in the regenerating liver and in thymocytes (reviewed in ref. 6 ). However, STAT3 activation was linked to growth arrest and/or apoptotic cell death in a number of systems, including myeloid cells (8) , macrophages (9) , IFNbeta-treated pro-B cells (10) and mammary epithelial cells during gland involution (11) . In addition, STAT3 is essential for the induction of inflammatory genes in the liver (12) , but it also mediates IL-10 anti-inflammatory functions in macrophages, where its inactivation leads to chronic intestinal inflammation (13) (14) (15) ).
An important factor determining STAT3 functional heterogeneity is likely the existence of two alternatively spliced isoforms, the full length STAT3alpha and the truncated STAT3beta, which lacks the carboxy-terminal transcription activation domain (TAD) and is generally considered as a dominant negative form (16, 17) . Two other proteolytically generated isoforms, gamma and delta, have been detected in myeloid cells but their physiological relevance remains uncertain. Conventional gene targeting approaches, abolishing the expression of all isoforms, could not discriminate between specific isoform functions. Below we review what is known about the structure, production and functional characteristics of the main STAT3 isoforms, alpha and beta.
The alternatively spliced isoform STAT3beta is expressed at lower levels but exhibits increased DNA binding activity
STAT3beta is generated by the use of an alternative splicing acceptor site embedded in exon 23 (18) . This causes an internal deletion spanning the first 50 nucleotides of exon 23, resulting in a frameshift which introduces 7 alternative amino acid residues followed by a stop codon (Figure 1 ). The resulting STAT3beta protein lacks the 55 C-terminal residues carrying the STAT3alpha TAD including S727, whose phosphorylation can stimulate transcriptional activity (19) . The TAD is replaced by a different seven amino acid tail (16), a feature unique to the beta isoform of STAT3.
The STAT3alpha and STAT3beta proteins are coexpressed in all cell types and tissues examined, with STAT3alpha levels usually greatly exceeding those of STAT3beta (16, 17) . However, the ratio of expressed and activated STAT3beta versus STAT3alpha can increase up to 1:1 in hepatocytes and macrophages upon inflammatory stimuli (VP, unpublished observation), as well as in differentiated neutrophils (20, 21) . Most cytokines and growth factors can activate both isoforms with similar efficiency (22) , and STAT3alpha and beta can form homoand heterodimers with each other and with STAT1 (23) . Interestingly, STAT3beta when overexpressed is constitutively tyrosine-phosphorylated and can bind to DNA and promote transcription in the absence of cytokine treatment (16, 17) , likely due to the increased half life of the tyrosine phosphorylated dimer (22) . Deletion of the STAT3alpha C-terminal portion enhances both DNA binding activity and dimer stability, suggesting that the acidic Cterminal domain may destabilize STAT3alpha dimers (23) . In addition, the unique STAT3beta 7 amino acid tail may also contribute to STAT3beta features since it was shown to trigger prolonged nuclear retention of phosphorylated STAT3beta (24) . These data help explaining why STAT3beta contribution to the overall STAT3 DNA binding activity often exceeds its relative abundance (25).
STAT3alpha and beta transcriptional activity
The STAT3alpha C-terminal TAD is thought to act via interaction with co-activators such as CBP/p300 (26) . Because of its increased DNA binding activity and dimer stability in the absence of the TAD, STAT3beta was proposed to be a dominant negative factor. Indeed, this isoform is devoid of trans-activating capacity on a number of recognized STAT3alpha target genes, on which, when overexpressed, it is often able to exert a dominant negative effect. For example, STAT3beta could revert the transcriptional activation of Bcl XL , p21 WAF1/CIP1 and cyclin D1 promoters induced by STAT3alpha upon c-or v-Src stimulation, respectively (27, 28) . In addition STAT3alpha, but not STAT3beta, is involved in mediating IL-10 functions in macrophages, induces SOCS3 in response to IL-6 in mouse embryonal fibroblasts (MEFs) (29) and can associate with SP1 on the ICAM-1 promoter to induce expression in ischemic-reperfused myocardium and vascular endothelium (30) . Finally, activation of STAT3alpha, but not of STAT3beta, increases IL-8 synthesis after stimulation of human microvascular endothelial cells with oxidized phospholipids (31 (32) , as well as the alpha1-anti-chymotrypsin and alpha2-macroglobulin promoters in hepatoma cells, but not in COS cells (33) . In addition, STAT3beta is able to induce transcription of liver genes during the early phases of inflammation in mice devoid of the alpha isoform (29) . Finally STAT3beta, but not STAT3alpha, can cooperate with cJun to activate an alpha2-macroglobulin-Thymidine Kinase promoter fusion in murine teratocarcinoma and COS cells (17) . However, the interaction with c-Jun involves the STAT3 N-terminal coiled-coil region, present in both the alpha and beta isoforms (34) , which can indeed equally well participate in the formation of a ternary complex (enhanceosome) on the alpha2-macroglobulin promoter involving both STAT3 and AP1 binding sites (35) . This suggests that not only transcriptional activity but also interactions with other factors can be dictated by promoter structure. Interestingly, while STAT3alpha-c-Jun cooperation leads to repression of Fas transcription in human melanoma cells, STAT3beta can induce Fas expression (36) . Whether this was a direct consequence of STAT3beta transcriptional activity or simply the effect of competition with STAT3alpha was not investigated.
TAD-mediated recruitment of co-activators such as CBP/p300 and NcoA/SRC1a (37, 38) can be enhanced by S727 phosphorylation (26) . How does STAT3beta, which lacks the TAD including S727, activate transcription? It is tempting to speculate that STAT3alpha-specific target genes may be activated by direct STAT3alpha-dependent recruitment of co-activators. On the other hand, both STAT3alpha and beta may be able to activate a common subset of target genes by participating in the formation of higher hierarchy complexes, which would in turn provide the optimal surface to recruit co-activators and the basal transcriptional machinery. Depending on promoter composition, specific subsets of target genes might even be solely responsive to STAT3beta. Accordingly, transcriptional activation by either isoform appears to depend on the cell type and the specific stimuli, as shown by the observation that the alpha-2 macroglobulin promoter can be induced only by STAT3alpha in EGF-stimulated COS-7 cells, while upon c-Src activation the same promoter was equally well induced not only by STAT3beta, but also by a mutant form of STAT3alpha where S727 was mutated to alanine (STAT3 S727A) (39) . In contrast, S727 phosphorylation was required for transcription from alpha2 macroglobulin, JunB and ICAM-1-IRE promoter constructs in response to IL-6 (26, 40, 41) . Overall, these data support the importance of enhanceosome composition in determining STAT3alpha or beta transactivating potential, with the requirement for TAD and/or S727 phosphorylation depending on promoter and cellular context. Interestingly, pre-established S727 phosphorylation was reported to negatively regulate Y705 phosphorylation (42) . STAT3beta, lacking S727, would be insensitive to this negative control, at least partly explaining its constitutive Y705 phosphorylation.
STAT3beta opposes STAT3alpha transforming activities
STAT3 is constitutively active in many tumoral cells and primary tumors and is therefore considered an oncogene, acting via the induction of target genes involved in apoptosis and proliferation and triggering angiogenesis, tissue invasion and immune evasion (43, 44) . Accumulating evidence shows that STAT3beta has inhibitory effects on STAT3alpha oncogenic activity. Indeed, STAT3beta could suppress STAT3-mediated transformation and p21
, cyclin D1 and Bcl XL expression downstream of v-Src (28, 45) . Of note, v-Srcinduced transformation could also be suppressed by overexpression of a STAT3 S727A mutant form (46) , thus implying S727 phosphorylation in v-Src-mediated cellular transformation. In addition, STAT3beta overexpression decreased Bcl XL expression and promoted apoptosis in IL-6-dependent multiple myeloma cells (47) , counter-acted HGF/Met-mediated anchorageindependent growth both in vitro and in vivo (48) , and inhibited cell growth of ovarian, breast and colon cancer cells (49) (50) (51) . Finally, STAT3beta transfection suppressed in vivo growth of B16 human melanoma cells xenografts (52), possibly involving the production of soluble factors (53) . Accordingly, STAT3beta could up-regulate the expression of pro-inflammatory cytokines in cancer cells, and supernatants from STAT3beta-transfected B16 melanoma cells were able to induce the activation of macrophages, granulocytes and dendritic cells, correlating with anti-tumoral activity (54) . In contrast however, transplantation of bone marrow cells over-expressing STAT3beta in mice led to formation of an aggressive T cell leukemia, similarly to cells expressing a constitutively active form of STAT3alpha (V. Sexl, personal communication), underscoring once again the extreme degree of cell specificity of STAT3 isoform functions and suggesting a potential pro-oncogenic role of STAT3beta in hematopoietic cells.
The relative levels of STAT3 isoforms are highly regulated during myeloid differentiation
G-CSF engagement of G-CSFR triggers both STAT3alpha and STAT3beta recruitment and activation (55) and the role of STAT3 in granulocytic proliferation, differentiation and maturation has been intensely studied, yielding contrasting results. STAT3 was required for G-CSF-dependent differentiation of granulocytic cell lines (ref. 56 and references therein), and mice carrying a truncated G-CSF receptor lacking the STAT docking sites displayed impaired G-CSF-dependent proliferation and granulocytic differentiation (57) . In contrast, STAT3 deletion in bone marrow progenitors caused neutrophilia and increased proliferation in response to G-CSF, suggesting a role for this factor in regulating steady state neutrophil production, which may be mediated by the induction of SOCS3, and excluding its requirement for in vivo granulopoiesis (8, 58, 59) . Again by conditional mutagenesis, STAT3 was however recently shown to play a crucial role in emergency granulopoiesis and mature neutrophil chemotactic responses, where SOCS3 was dispensable (56) .
Distinct roles of the STAT3 isoforms in myeloid cell proliferation, survival and differentiation may partly help reconciling these contrasting results. Indeed, the STAT3alpha:beta ratio is highly regulated in myeloid cells, consistently decreasing with cell maturation and activation (20, 21, 60) . In addition, STAT3 gamma and delta, two further isoforms generated by proteolytic cleavage and identified exclusively in myeloid cells, also showed increasing levels and phosphorylation during differentiation (21, 60) . Interestingly, STAT3alpha S727 phosphorylation was immediately down-regulated upon differentiation, suggesting that activation of STAT3alpha and serine phosphorylation may not be required at the differentiation stage (21) . Moreover, STAT3 DNA binding activity appeared to contain predominantly STAT3beta in G-CSFresponsive primary human myeloid cells and myeloid cell lines, while DNA binding activity of both STAT3alpha and beta was activated in human myeloid leukemia cell lines refractory to G-CSF-induced differentiation (60) . However, only the alpha isoform could improve survival of neutrophil progenitor cells in response to G-CSF when over-expressed in the 32Dcl3 cell line (61) . The specific role of STAT3beta in this context is probably not that of a negative regulator, since its overexpression did not alter the kinetics of G-CSF-mediated neutrophil differentiation or p27 induction in 32D/G-CSF-R cells, but could rather alleviate inhibition of p27 transactivation by a dominant-negative STAT3 mutant (32).
In conclusion, the contrasting phenotypes of the different STAT3 or G-CSFR mutants may stem from the fact that ablation of both isoforms abolished the expression of functionally distinct polypeptides. Indeed, STAT3alpha and STAT3beta clearly play distinct roles in mediating G-CSF-mediated survival, proliferation and differentiation, with STAT3alpha involved primarily in promoting cell survival and STAT3beta in promoting differentiation.
In vivo evidence for STAT3alpha and STAT3beta specific functions
Recently, mice with specific ablation of either isoform were generated (25) . Mice lacking STAT3beta showed no apparent developmental abnormalities but were more sensitive to endotoxic shock, exhibiting increased mortality due to acute tubular necrosis (25) and increased tissue damage in response to LPS (29) . Specific deletion of STAT3alpha showed that STAT3beta is not a dominant negative factor, since it could rescue the embryonal lethality of a STAT3 null mutation and was able to induce the expression of specific STAT3 target genes such as the acute phase genes in the liver (29) . Interestingly, both isoforms contribute to the known anti-inflammatory functions of STAT3 by different mechanisms: while STAT3alpha was solely responsible of mediating the IL-10 anti-inflammatory effects on macrophages, STAT3beta down-regulated the production of anti-inflammatory cytokines possibly by activating IL-10 production (29) . Accordingly, mice specifically lacking STAT3alpha but still expressing STAT3beta were more resistant to endotoxic shock than STAT3 null mice. However, STAT3alpha has nonredundant roles such as modulating cellular responses to IL-6, inducing SOCS3 gene expression in primary embryonal fibroblasts and promoting postnatal survival. Indeed, STAT3alpha
-/-mice did survive until birth, in contrast to STAT3-null mice (29) . However, they all died within the first 24 hours. Characterization of STAT3alpha -/-newborn mice phenotype is described below (Section 4).
MATERIALS AND METHODS

Production and genotyping of STAT3alpha
-/-mice Mice were maintained in the transgenic unit of the University of Turin (Turin, Italy) with a 12-hour light -12-hour dark cycle and were provided food and water ad libitum. Procedures involving animals and their care were in conformity with national and international laws and policies and were approved by the Faculty Ethical Committee. The generation of STAT3alpha -/-mice used in this study was previously described (29) . Genotypes were determined by DNA amplification from tail biopsies using the primers shown in Table 1 .
Histological Analysis
Whole newborn mice were chilled on ice or tissues were dissected, fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin. The samples were sectioned (whole pups, 5 micrometer-thick sections; tissues, 8 micrometer-thick sections) and stained with hematoxylin and eosin for morphological analysis. Degree of lung atelectasis, presence of exudate and congestion were evaluated in blind. TUNEL staining on thymus sections was carried out with the In situ Cell Death Detection Kit, TMR red (Roche Diagnostics, Monza, Italy), following manufacturer's instructions. The number of TUNEL-positive cells in three fields (original magnification x400) was counted in blind for each sample.
Recombinant cytokines
Recombinant human IL-6 was purified from bacteria as previously described (12) . Human soluble IL-6 receptor was derived from supernatants of HEC 293T cells transfected with a human sIL-6R cDNA construct as previously described (62).
RNA analysis
Total RNA from STAT3alpha
wt/-and STAT3 wt/wt newborns (n=4) was prepared with the RNeasy Mini kit (Qiagen, Crawley, UK) according to manufacturer's protocol, quantified by spectrophotometry, treated with RNase-free DNAse (Ambion) and subjected to reverse transcription using random primers and the Reverse Transcriptase kit (Promega, Madison, WI, USA). The primers used for semiquantitative PCR analysis are shown in Table 2 . PCR products were fractionated on a 
Cresylviolet staining and neuron counts
Newborn mice were transcardially perfused with 4% paraformaldehyde in phosphate buffer, their heads postfixed, dehydrated, decalcified in 3% HNO3, and included in paraffin (modified from ref. 63 ). Serial sections, 8 micrometer thick, were stained with 0.5% cresylviolet (Sigma-Aldrich) in 2 % acetic acid. Total neuron numbers in the nodose-petrosal ganglia were counted in blind.
Western Blot analysis
Tissues were homogenized and proteins extracted in NP40 lysis buffer (50mM TRIS pH 7.4, 10% glycerol, 1% NP-40, 150mM NaCl, 2mM EDTA, 2mM DTT, 0.4mM Na3VO4, 10mM NaF, 0.5mM PMSF, 0.1 Unit/mL aprotinin, 4 microgram/mL pepstatin, and 10 microgram/mL leupeptin), proteins were cleared by centrifugation and concentration was measured using the Bradford method. Proteins were fractionated by 10% SDS-PAGE and transferred to nitrocellulose membrane for immunoblotting. Antibodies against GFAP (Dako, Glostrup, Denmark; 1:1000) or ERK (Santa Cruz Biotechnology, Palo Alto, CA, USA; 1:1000) were used.
In vitro astrocyte culture and immunofluorescence
P0 newborns were decapitated and their heads placed in HEPES-buffered HBSS with 100 U/mL penicillin and 100 microgram/mL streptomycin. The cerebral cortex was fragmented, the sediment removed and the cells were plated on poly-L-lysine-coated coverslips in DMEM containing 5% horse serum, 100 U/mL penicillin and 100 microgram/mL streptomycin, with or without IL-6 (500 ng/uL) and soluble IL-6 receptor (1x). Cell staining was performed using an antibody against GFAP (DAKO, Glostrup, Denmark; 1:200), revealed by a TRITC-labeled anti-rabbit secondary antibody (Sigma), and the nuclear staining agent Hoechst (Sigma-Aldrich). The same antibodies were used for staining brain sections.
DiI staining
PFA-perfused mice were fixed in paraformaldehyde and treated as previously described (64) . Briefly, brains were dissected, coronally cut and 1,1'-ioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI, Molecular Probes, Eugene, Oregon, USA) crystals were deposited into the corpus callosum of each hemisphere. After 7 days diffusion of the dye at room temperature, the brain parts were included in 4% agar and 100 micrometer-thick sections were analyzed by fluorescence microscopy using a TRITC filter set.
RESULTS AND DISCUSSION: PHENOTYPIC CHARACTERIZATION OF STAT3alpha
-/-NEWBORN MICE
Perinatal lethality
We have previously generated STAT3alpha SA/-mice, expressing only one copy of a mutant STAT3alpha allele where Serine 727 was replaced by an Alanine, showed at birth a 13% reduction in body weight that was ascribed to decreased IGF-1 serum levels (65) . Therefore STAT3beta, but not the STAT3 SA mutant, is apparently able to guarantee normal IGF1 expression levels.
STAT3alpha
-/-pups invariably went through respiratory crises during which they became cyanotic and gasped for air. Sometimes they were able to recover shortly only to suddenly die afterwards. Although also control littermates occasionally showed similar crises, these were rarely lethal. There was never any trace of milk in the stomachs of the STAT3alpha -/-newborns, even when competing pups were removed. Death could not however be directly ascribed to starvation, since STAT3alpha -/wt or STAT3 wt/wt pups never died before the first 24 hours, even when starved due to separation from their mothers immediately after birth. Under these conditions, STAT3alpha -/-pups still died at similar rates. STAT3alpha -/-newborns were able to swallow milk when directly delivered in their mouths, suggesting that pharynx muscle control was not totally compromised.
In an attempt to identify the causes of lethality, whole STAT3alpha -/-pups were collected at the time of Lung atelectasis rating was performed blindly on ten STAT3alpha -/-newborns and their control littermates. Where no lung collapse was present, lungs were rated -. Where expansion of the lungs was incomplete and interalveolar septae thick, severe atelectasis was indicated as ++, while in newborns where symptoms of atelectasis were minor or localized only to a limited portion of the lung, atelectasis was rated +. death, together with age-matched STAT3alpha -/wt or STAT3 wt/wt littermates, and subjected to histological analysis upon fixation and serial sectioning. No major abnormalities were detected, with only two exceptions: the presence of high numbers of cells with pyknotic nuclei in the thymus, and variable degrees of lung atelectasis, as described below.
Increased thymic apoptosis
Thymi from STAT3alpha -/-newborns showed a 2-fold increase in the number of TUNEL-positive thymocytes as compared to wild type littermates (Figure 2) . However, thymocytes derived from STAT3alpha -/-pups and cultured for 24 or 48 hours did not show any increase in the rate of apoptosis, either spontaneous or induced by dexamethasone or UV treatment, as assessed by Annexin V staining and flow cytometry analysis (data not shown). This observation suggests that the increased apoptotic death detected in the thymus of the STAT3alpha -/-newborns was not due to a cell-autonomous defect. Indeed, a role for STAT3 in supporting the feeder functions of thymic epithelial cells (TEC) has been proposed (66) . Our results suggest that this is probably a unique property of the STAT3alpha isoform.
Defective airways expansion
As assessed by blind scoring, nine out of ten STAT3alpha -/-newborns analyzed by histological staining displayed variable degrees of lung atelectasis (5 severe, 4 mild), with reduced lung size due to incomplete expansion of the alveoli and thick alveolar septae ( Figure 3A and Table 3 ). In contrast, more than 50% of both heterozygous and wild type control pups had normally expanded lungs and, when present, atelectasis was mostly mild (Table 3) . The degree of lung congestion and the presence of alveolar exudate were also rated but did not significantly differ between genotypes.
Successful adaptation to air breathing at birth depends on correct lung development including optimal production of pulmonary surfactant, which is required to reduce surface tension at the alveolar air-liquid interface (67) . Indeed, disorders of surfactant metabolism such as defective expression of surfactant proteins SP-B and SP-C have been associated with lethal respiratory failure in newborn children (reviewed in 68). Moreover, targeted disruption of the SP-B gene leads to respiratory failure in newborn mice, evidencing its crucial role in surfactant homeostasis after birth (69) . STAT3 may well play a role in surfactant proteins expression since the alpha isoform was shown to stimulate the SP-B gene promoter in a human respiratory epithelial cell line (70) . However, the mRNA levels for all four surfactants were comparable between -/-newborns were dissected, formalin-fixed, and 8 micrometer-thick sections were stained with hematoxylin and eosin. B. Transcription levels of pulmonary surfactant proteins and Vegf-A in STAT3alpha
-/-and control newborns. Lungs were collected from two STAT3alpha -/-and two wild type littermates, at the time of death (lane 1) or sacrificed 8 hours after birth (lanes 2, 3, 4). Total RNA was extracted and subjected to semiquantitative retrotranscriptase PCR analysis for SP-A, SP-B, SP-C, SP-D and Vegf-A. Gapd levels were measured for sample normalization.
STAT3alpha
-/-and wild type control mice both at the time of death and when sacrificed 9 hours after birth ( Figure  3B ). Surfactant mRNAs expression, at least in newborns, is therefore not dependent on STAT3alpha, and the defective airways expansion observed in the mutant pups is likely not dependent on defective surfactant production. This is in agreement with the observation that mice specifically lacking STAT3 in lung epithelial cells developed normally and showed impaired SP-B production only in adulthood under hyperoxic conditions (71).
Whatever the cause, defective airways expansion may cause hypoxia and ultimately death, particularly if lung vascularization or responses to hypoxia are altered. However, the number and size of lung vessels and the distribution of the endothelial and smooth muscle cell layers, analyzed by immunohistochemistry, were normal in the STAT3alpha -/-pups (data not shown). VEGF-A is a known STAT3 target (72) and is induced during hypoxia. We therefore measured VEGF-A lung mRNA levels but found them to be comparable between the STAT3alpha -/-pups and their control littermates ( Figure 3B ). Normal were likewise the expression levels of the mRNA for SOCS3 (data not shown), a canonical STAT3 target that specifically requires the STAT3alpha isoform in MEF cells (29) . All together, these observations do not support a direct role for defective lung structure/function or for impaired responses to hypoxia in the lung atelectasis and/or in the lethality caused by specific ablation of the STAT3alpha isoform. It is worth noting that the expression of recognized STAT3alpha targets such as SP-B, VEGF-A or SOCS3 is unaffected by the absence of STAT3alpha. This may suggest that in newborn lung epithelial cells STAT3beta is able to compensate for the lack of STAT3alpha in the transcriptional induction of the these genes. Alternatively, other pathways bypassing STAT3 may be activated in these cells.
Normal nodose neuron numbers
Both the respiratory problems and the failure to feed observed in the STAT3alpha -/-newborns could be secondary to neurological defects. Indeed, STAT3 is a central mediator of the action of neurotrophic cytokines belonging to the gp130 family (CNTF, LIF, OSM), and mice lacking LIF or CNTF receptor alpha were unable to breath at birth and displayed perinatal lethality which was linked to impaired survival of neurons in the dorsal root ganglia (73, 74) . In contrast to STAT3alpha -/-mice, however, both LIFR -/-and CNTFRalpha -/-newborns also displayed evident motor defects such as impaired righting reflex and response to tail pinch. Impaired righting reflex and perinatal lethality were also described in Bal-Cre mice, where STAT3 was efficiently deleted in the CNS (63) . Lethality correlated with defective survival of the neurons in the nodose-petrosal ganglion, a neuronal complex providing sensory innervation to visceral tissues and thus mediating critical cardiorespiratory and gastrointestinal functions. Therefore, the STAT3alpha isoform may be specifically involved in mediating nodose neuron survival and/or function. In order to test this hypothesis, neurons in the nodose-petrosal ganglia were counted in serial sections from STAT3alpha -/-and control wild type newborns sacrificed 10 hours after birth. However, nodose neuron numbers appeared to be equivalent in the ganglia from STAT3alpha -/-and wild type pups (Figure 4 ). This observation suggests that STAT3alpha -/-nodose-petrosal neurons do not present any major survival defect, although functional alterations cannot be ruled out. Therefore, the expression of STAT3beta in the CNS and in the nodose neurons appears to be able to rescue at least some of the neurological defects triggered by ablating both isoforms alpha-/wt (n=4) and STAT3 wt/wt (n=4) littermates sacrificed between 3 and 20 hours after birth. A. GFAP mRNA levels in the brain were measured by retrotranscription of total RNA and Real-Time PCR analysis. 18S RNA levels were used for sample normalization. *p<0.05 B. GFAP protein levels were measured by Western Blot analysis. Proteins were extracted from brain tissue, fractionated on SDS-PAGE gel and transferred to nitrocellulose membrane for immunoblotting. ERK is used as a loading control. A wild type adult brain was included as positive control. C. and D. Brain Vimentin and Nestin mRNA levels were measured by Real-Time PCR analysis (n=4). 18S RNA levels were used for sample normalization.
in the Bal1-Cre,STAT3
fl/fl mice, including nodose neurons survival and impaired righting reflexes. However, this rescue may be functionally incomplete, thus explaining why also STAT3alpha -/-pups die, although a few hours later.
Defective GFAP expression and in vitro astrocyte differentiation
STAT3 is thought to play an important role in astrocytic differentiation downstream of the gp130 cytokines IL-6, LIF and CNTF (75, 76) , and to be required for the expression of the gene encoding glial fibrillary acidic protein (GFAP), a cytoskeletal intermediate filament which is an exquisite marker of astrocytic lineage. GFAP transcript levels were indeed 6-fold lower in the brains of STAT3alpha -/-newborns than in the wild type control, with heterozygous mice showing intermediate levels ( Figure  5A ). Western blot analysis confirmed that also GFAP protein levels were significantly decreased ( Figure 5B ). These data suggest that the STAT3alpha isoform is -/-(n=2) and wild type littermates (n=2) were sacrificed 10 hours after birth, brains were dissected and sectioned. Sections comprising the spinal cord and brain stem area were immunostained for GFAP and analyzed by fluorescence microscopy. B. In vitro astrocyte differentiation from P0 newborns. Neuroepithelial cells derived from the brain of STAT3alpha -/-or wildtype newborns were cultured with or without IL-6 and sIL-6R. After three days, cells were fixed and stained for GFAP by specific antibody and for nuclei with Hoechst, followed by fluorescent microscopy. GFAP-positive cells and nuclei are shown in green and blue, respectively. Results are representative of three independent experiments. C. DiI labeled radial glia. DiI crystals were deposited into the corpus callosum of coronal brain sections of PFAperfused STAT3alpha -/-(n=1) and control (n=3) newborns. After diffusion of DiI for one week at room temperature, brains were included in agar and 100 micrometer-thick sections analyzed by fluorescence microscopy with a Nikon Eclipse 800 microscope. Original magnification as reported. D. Brain structure of STAT3alpha -/-and control newborns. STAT3 wt/wt (n=2) and STAT3alpha -/-(n=2) mice were sacrificed 10 hours after birth, brains were dissected, sectioned, and stained with cresylviolet.
specifically required for efficient GFAP expression in astrocytes in vivo, also supported by the normal GFAP levels detected in the brains of STAT3beta -/-mice (data not shown). There was no apparent compensation by other intermediate filaments, as the mRNA levels for vimentin were normal, and those for nestin were even slightly reduced in the STAT3alpha -/-brains ( Figure 5C and D).
In agreement with the residual GFAP expression detected by Western blot, a few GFAP positive cells could still be detected by immunohistochemistry in the STAT3alpha -/-spinal cord and brain stem ( Figure 6A ), although reduced in number and displaying decreased staining intensity. Therefore, despite the significant reduction in GFAP levels, a certain degree of astrocyte differentiation can still take place in vivo in the absence of STAT3alpha. To assess in vitro differentiating potential, neuroepithelial cells were isolated from P0 STAT3alpha -/-mice brains and cultured for 3 days in the presence of IL-6 and its soluble receptor, known to activate gp130-mediated astrocyte differentiation, and then analyzed for GFAP expression by immunofluorescence. Similar to what observed in vivo, some GFAP-positive cells were detected in the absence of STAT3alpha, although significantly less than in the wild type controls ( Figure 6B ). In addition, a few of these showed the typical elongated processes of differentiated astrocytes, although both staining intensity and length of the cellular processes were reduced as compared to wild type control cells. These results suggest that STAT3alpha is an important factor for GFAP expression and astrocyte differentiation both in vitro and in vivo, but that other pathways are also involved and can partially compensate for STAT3alpha function. Interestingly, in vitro astrocytic differentiation of neuroepithelial cells was completely impaired in gp130 -/-mice and in mice where the gp130 docking site for STAT3 was eliminated, and GFAP-staining of histological brain sections was almost completely absent in gp130 -/-mice but only slightly decreased in mice with mutated gp130 STAT3 docking sites (76) . It is tempting to speculate that STAT3beta may be partially able to compensate for STAT3alpha in transducing the signal from gp130 cytokines to induce astrocytic differentiation, including partial activation of GFAP transcription.
Finally, the development of radial glia, which is essential for the correct development of neuroepithelial structures in the brain and is connected with astrocyte differentiation (77) was analyzed by DiI staining in STAT3alpha -/-and wild type newborns. Morphology, direction and branching potential of radial glia in the STAT3alpha -/-samples was similar to that of the wild type samples, suggesting that the astrocytic defect observed is cell autonomous and does not correlate with overall radial glia defects ( Figure 6C ). In keeping with the normal radial glia structure, STAT3alpha -/-brains did not display any gross structural abnormalities in the organization of the cortex layers or in the structure of the hippocampus, as shown by coronal brain sections stained with cresylviolet ( Figure 6D ).
Concluding remarks
Complete germline deletion of STAT3 triggers early embryonal lethality, and exactly for which function(s) is STAT3 crucially required for embryonal development past gastrulation still remains unknown. Whatever these functions, they are clearly shared by both STAT3 isoforms, as suggested by the ability of STAT3alpha -/-embryos, still expressing STAT3beta, to reach birth. In keeping with the idea that STAT3beta possesses indeed specific functions that contribute to the overall biological role of STAT3, we were further able to demonstrate that this isoform can indeed perform some of the activities attributed to STAT3alpha, such as regulating IGF1 expression and body weight at birth and allowing nodose neurons survival. In addition, we have shown that STAT3beta may be able to partially compensate for STAT3alpha in supporting astrocyte differentiation, which was only partially defective in the absence of STAT3alpha. On the other hand, we were able to add to the previously demonstrated unique functions of the STAT3alpha isoform also the capacity to confer crucial feeding properties to the thymic epithelial stroma, as judged by increased thymocytes apoptotic death in vivo but not in vitro.
STAT3beta is however unable to warrant postnatal survival, and the STAT3alpha -/-pups die within 24 hours of birth. Despite our efforts, we were unable to understand the causes of death. Extensive use of conditional mutagenesis has allowed in the past the analysis of STAT3 (alpha plus beta) functions in many different tissues and cell systems, including myeloid cells precursors, B and T lymphocytes, liver and epithelial cells (6) . So far, the only deletion causing perinatal lethality has been that targeting the whole CNS (63) . Even though survival of nodose neurons is normal in the STAT3alpha -/-newborns, it is likely that other, still undetected neuronal functions uniquely dependent on the alpha isoform are impaired, impacting among others on breathing and feeding abilities. Inducible isoform-specific deletion in different neuronal populations will be required in order to elucidate these functions.
